All authors have made substantial contributions to all of the following: 29 (1) the conception and design of the study; VC;DA;FJ;FN;MS 30 (2) acquisition of data; VC;MS; LT;NL;JPL;FS;HD;HB;PB;JPH;CAM;KK;AB 31 (3) analysis and interpretation of data; GM;VC;FJ;DA;MS 32 (4) drafting the article or revising it critically for important intellectual content; Abstract: 39 Background and Purpose-Individual rupture risk assessment of intracranial aneurysms is a 40 major issue in the clinical management of asymptomatic aneurysms. Aneurysm rupture occurs 41 when wall tension exceeds the strength limit of the wall tissue. At present, aneurysmal wall 42 mechanics are poorly understood and thus, risk-assessment involving mechanical properties is 43 inexistent. Additionally, aneurysmal computational hemodynamics usually makes the as- 44 sumption of rigid walls, an arguable simplification. We therefore aim to assess mechanical 45 properties of ruptured and unruptured intracranial aneurysms in order to provide the founda- 46 tion for future patient-specific aneurysmal risk assessment. This work will also challenge 47 some of the currently held hypotheses in computational flow hemodynamics research. 48 Methods-A specific conservation protocol was applied to aneurysmal tissues following clip- 49 ping and resection in order to preserve their mechanical properties. Sixteen intracranial an-50 eurysms (11 female, 5 male) underwent mechanical uni-axial stress tests under physiological 51 conditions, temperature, and saline isotonic solution. These represented 11 unruptured and 5 52 ruptured aneurysms. Stress/strain curves were then obtained for each sample, and a fitting 53 algorithm was applied following a 3-parameter (C 10 , C 01 , C 11 ) Mooney-Rivlin hyperelastic 54 model. Each aneurysm was classified according to its biomechanical properties and 55 (un)rupture status. Introduction: 70 The prevalence of unruptured intracranial aneurysms in the general population, as reported by 71 a recent review, 1 ranges between 3% and 6.6%. The incidence of ruptured aneurysms is how-72 ever, low, with approximately 0.5% per year suggesting that very few aneurysms rupture. 73 Subarachnoid hemorrhage is the consequence of aneurysm rupture and approximately 12% of 74 patients die before receiving medical attention, 40% of hospitalized patients die within one 75 month after the event, and more than one third of those who survive have major neurological 76 deficits. In contrast endovascular treatment of unruptured aneurysms is safe with less than 1% 77 mortality rate 2 . Unruptured intracranial aneurysms represent a dilemma for the physicians. 78 The risks of aneurysm rupture with respect to its natural history against the risk of morbidity 79 and mortality from an endovascular or surgical repair has to be carefully balanced. With brain 80 imaging being more frequently and widely used, a growing number of intracranial aneurysms 81 are being diagnosed, posing the problem of which aneurysms harbor a sufficiently high risk of 82 rupture to merit endovascular or surgical repair. Recent publications have addressed this issue 83 and have demonstrated that, among other variables affecting the natural history of aneurysms, 84 aneurysm size and location represent independent predictors of rupture risk 3 . Other parame-85 ters, such as irregular aneurysm shape and, in particular, the presence of blebs 4, 5 are recog-86 nized as high risk factors. 87 Rupture of an aneurysm occurs when wall tension exceeds the strength limit of the wall tis-88 sue. The ideal approach to risk assessment would therefore be to determine tension and mate-89 rial strength limits of the tissue 6 in the aneurysmal wall. Individual aneurysmal material 90 strength is impossible to measure non-invasively, but wall tension can be estimated using 91 computational simulation 7 . Over the last decade, a number of authors have shown that com-92 putational fluid dynamic simulations based on patient-specific anatomical models derived 93 from medical imagery may be used to assess wall shear stress (WSS) and pressure in the Cir-94 cle of Willis 8 9, 10 . Others have used the same approach to analyze cerebral aneurysms, with 95 particular focus on WSS, which is thought to be associated with aneurysm formation and risk 96 rupture. 11 12, 13 Although simulation of aneurysmal wall tension is now feasible in principle, 97 real human aneurysmal wall biomechanical properties are still rarely explored in the litera-98 ture. 14, 15 Computational simulations must be based on reliable material properties and 99 boundaries. As opposed to hemodynamic boundary conditions that may be assessed by Phase Biomechanical testing methodology 153 One hour before mechanical testing, aneurysms sample were thawed at ambient temperature. 154 Under microscopy, the aneurysmal wall samples were dissected in a meridional manner in 155 order to obtain a regular rectangular piece (Fig.2) . Only the meridional axis of the 156 aneurysm was chosen in order to preserve maximum length of the aneurysmal tissue in 157 the sample given the very small size of each specimen and the fragility of the tissue. The 158 aneurysm strips were physically measured and then glued on each extremity to aluminum 159 grips. Meanwhile, physiological isotonic liquid was warmed to 40°C inside the traction test 160 machine. A uniaxial stretch test was carried out on the sample within the warmed 161 physiological liquid in order to simulate the in vivo conditions (Fig. 3a ). This testing device 162 was composed of a Texture Analyzer (TA-XT2, Stable Microsystems, UK) with a 50 N load 163 cell and an optical microscope (ZEISS) equipped with a digital video camera . 164 The uniaxial stretch test consisted of a sequence of 10% length displacement of the sample, in 165 5 repeated cycles (Fig. 3b ), while registering the traction force applied. This 10% value was 166 initially calculated by Karmonik et al. 17 in an in-vivo wall motion MRI study of 7 aneurysms.
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In accordance to standard mechanical testing protocol for biological tissue, the speci-168 mens were first preconditioned 18 during the first four cycles..The extension rate was 0.01 169 mm/s and the tension load was recorded every 0.01 s. Velocity of the solicitations was small 170 enough to not consider viscous phenomena. A baseline tension of 0 Newton was applied to 171 the strip before starting each test, and two cameras were orthogonally placed and focused on 172 the sample after a calibration test 173 During the test, the two subset cameras were used to record the displacement of the sample. Post processing 178 Only the measurements from the last elongation cycle were used in order to obtain more real-179 istic mechanical characterization of the data. Note however that except for the very first cycle, 180 the force/displacement graph was roughly cycle independent (fig 3 b ).. In order to tune the 181 parameters of an equivalent hyperelastic model, the force/displacement graph described 182 above was converted in a strain/stress graph. For this calculation, the length, thickness and 183 width of each strip were considered (Fig. 3b) . A baseline for this aneurysmal strip dimen-184 sions were obtained at 0-Newton traction in the third cycle of each test. Using the assumption 185 that the specimen was subjected to a uniform traction and presented a constant section during 186 the test, the Cauchy stress was computed, and the engineering strain registered 19, 20 . 187 During the cycles some permanent deformation in the traction phase was observed causing 188 slight compression of the sample in the rest phase. This is reflected by the negative values of 189 the curve origin in Figure 3b and is in accordance to the elasto-plastic behavior of the tissue. 190 Since we consider an hyperelastic model to represent the tissue, the (moderate) plastic effects 191 cannot be represented and only the positive part of the curve was used to identify material 192 behavior. 193 Once the strain/stress graph was obtained, we proceed to a mathematical matching using a 194 Sequential Least Squares Programming algorithm in order to determine the corresponding 195 hyperelastic model and its coefficients. In our cases, the best match was obtained with a 3 196 parameters Mooney-Rivlin model 21, 22 . Let F be the measured load, S 0 the initial section and ! 197 the elongation of the sample, the behavior law is given by equation (1)..
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(1)
where the material parameters are C 10 , C 01 and C 11 . The values of each of these 200 coefficients for each aneurysm are gathered in Table 1 together Sample and Mechanical testing: 220 Out of the 16 surgically clipped aneurysms that were subjected to mechanical uniaxial strain 221 tests, 11 were from female and 5 from male patients (Sex Ratio = 0.45). Mean strip length 222 was 4.8 mm (ranging from 1.3 to 8), with a mean thickness of 370 !m (ranging from 170 to 223 680 !m), and a mean section surface of 0.62 mm 2 (ranging from 0.29 to 1.6 mm 2 ). 224 The coefficient C 10 value ranged from 0 to 0.9 Mpa with a mean value of 0.19 Mpa, C 01 225 ranged from 0 to 0.13 Mpa with a mean value of 0.024, C 11 ranged from 0.124 to 32 Mpa 226 with a mean value of 7.87. 227 To facilitate analysis, aneurysms were classified according to their status Rup-228 tured/Unruptured and their biomechanical behavior Rigid/Soft/Intermediate (see Tables 1 and   229 2). 239 A recent case-control study 23 on 4000 patients based on genetic variation suggests 240 that the underlying mechanism for intracranial aneurysm pathogenesis may differ between 241 male and female subjects, underlining the importance of a stratified analysis between genders. 242 A significant difference in biomechanical parameters between ruptured and unruptured aneu-243 rysms was observed in our data within each gender group (Tables 3, 4 , 5), therefore support-244 ing the above statement. 245 Interestingly, the C 11 coefficient, which represents the main curvature of each graph was the 246 most representative parameter of this observed biomechanical difference (Table 3 , p<0.004). 247 The first two coefficients C 01 , C 10 presented a low value (near 0) and were not significantly 248 different (p=0.4 and p=0.7) regarding aneurysmal status (ruptured/unruptured). All C 11 values 249 were observed below 1.2 MPa (mean 0.37 MPa) in ruptured or pre ruptured female aneu-250 rysms, and below 3.2MPa (mean 3.1MPa) in male ruptured aneurysms. 251 In the female group, all the unruptured aneurysms presented a more rigid behavior 252 than the ruptured or pre-ruptured aneurysms (C 11 = 0.48 vs 11.7 MPa; p<0.001, Table 4 ). Be-253 tween the unruptured aneurysms, we can distinguish two subgroups; the Unruptured/Rigid 254 patients (#2-#7-#9) and the Unruptured/Intermediate patients (#8-#10-#11-#15). In this last 255 subgroup representing an unruptured aneurysm with a softer aneurysmal wall, three out of 256 four presented either documented major epidemiologic risk factors or a radiologically high 257 risk shape (multilobulated). Only one aneurysm (#15) was simple shaped without further as-258 sociated risk factors in this subgroup. One single patient (#16) presenting an unruptured aneu-259 rysm was classified as Soft with similar material properties with the Ruptured group. In this 260 particular case, pre-rupture symptoms with major headache, and recent optic nerve compres-261 sion were recorded few days before surgery and motivated urgent treatment. Therefore, in this 262 case, the mechanical test findings of Soft may not be as paradoxical as thought of at the first 263 glance. 264 In the male group, all the unruptured aneurysms tended have Rigid material than the 265 ruptured ones (C 11 = 11.95 vs 3.17 MPa; p=0.058, Table 5 ). Similarly to the female, unrup-266 tured aneurysms can be split in two subgroups, with 2 aneurysms classified Unrup-267 tured/Intermediate (Aneurysm #12 and #14), and one aneurysm classified Unruptured/Rigid. 268 Among the Intermediate/Unruptured aneurysms one presented a major documented risk factor 269 with multiple aneurysms, in accordance to a possible underlying connective tissue disease. 270 Interestingly, in the male group, the ruptured aneurysms (Aneurysms #5 and #13) had a 271 thicker wall compared to the Intermediate/Unruptured aneurysms, in contradiction to common 272 conceptions, and in accordance to previous histoptahologic work 24 .
Results analysis
Rheological data relevant to aneurysmal tissue are very scarce in the literafture.
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To the authors' knowledge, the only previous study is by Toth et al. 22 The main contribution of our study has been to demonstrate a very significant 297 biomechanical property difference between pre-rupture or rupture aneurysms with a 298 soft tissue and unruptured aneurysm with a Rigid tissue (Fig.6) . 
